The anomalous couplings of the top quark and the Higgs boson has been studied in an effective theory resulting in the framework of the minimal supersymmetric extension of the standard model (MSSM) when the heavy fields are integrated out. Constraints on the parameters of the model from the experimental data on the ratio R b = Γ(Z → bb)/Γ(Z → hadrons) are derived.
Introduction
The standard model (SM) has been very successfull phenomenologically, but nevertheless it should be considered just as an effective theory valid for physics at the electroweak (EW) scale. In higher-energy regimes new physics beyond the SM must exist. Irrespective to what this new physics might be, it should be able to give a satisfactory answer to the most fundamental open question of the electroweak physics, that is, it must explain the origin of the electroweak gauge symmetry breaking [1, 2] . In the SM this is arranged through the spontaneous symmetry breaking mechanism by introducing a doublet of scalars with a nonzero vacuum expectation value (VEV). This mechanism, despite its simplisity and economy, has well known problems, which has enforced theorists and experimenters to look for new physics beyond the SM. Among the possible ways of extending the SM, supersymmetry is considered as a particularly attractive one. The minimal supersymmetry extension of the standard model (MSSM) provides an appealing solution to the gauge hierarchy problem by guaranteeing the perturbative stability of the theory from the electroweak scale to the Planck scale.
The MSSM contains two complex Higgs doublets, denoted by H u , H d and assigned with opposite hypercharges Y B (H u ) = −Y B (H d ) = 1. There are alltogether four neutral scalar degrees of freedom, three of which correspond to physical scalar fields. In the case CP is conserved one can define two CP -even neutral Higgs fields, H, h, and one CP -odd neutral Higgs field, A. The present experimental bounds on the Higgs boson masses set strong restrictions on the parameter space of the CP -conserving MSSM [3] . Radiative corrections to the lightest CP -even Higgs boson mass have been computed by using the renormalization group equation (RGE) method and diagram technique [4] , and the resulting upper bound is 130GeV, which is not much above the present experimental lower bound of 95GeV (95% CL).
The possibility of CP violation makes the situation drastically different. There are three main sources of the CP violation in the MSSM Lagrangian. The first one is the well known µ parameter of the superpotential, which is in general complex. The second source is constituted by the soft mass terms of the SU (3) × SU (2) × U (1) gauginos. The third source are the phases of the soft supersymmetry-breaking mass terms of scalar fermions and of the soft trilinear couplings, which are presented by the matrices m 2 Q,U,D,L,R and A U,D,E , respectively. Actually, only the off-diagonal elements of the soft mass matrices can be complex due to the hermiticity of these matrices. The matrices A U,D,E in contrast can have complex phases also in their diagonal elements [5] . Not all the phases of these soft SUSY breaking parameters are physical and lead to the violation of CP parity. The physical CP phases are restricted by experimental observations, the most rigorous constraints originating from the measurements of the electron and neutron electric dipole moments (edm). The present upper limits for these edms are d e < 4.3 × 10 −27 e · cm [6] and d n < 6.5 × 10 −26 e · cm [7] , respectively. Also the edm of H 199 g is quite accurately measured, the present upper limit being d H 199 g < 9. × 10 −28 e · cm [8] .
It has been demonstrated that the MSSM can be consistent with these constraints in some regions of the parameter space when suitable cancellations between different contributions occur [9] or when CP violation effects are associated with the third generation of squarks only [10] . The mixing of neutral Higgs bosons in the latter scenario is analyzed in [11, 12, 13, 14] . It is found that the CP -violating phases and large Yukawa couplings of the third generation fermions can lead to large mixing among the neutral Higgs bosons as a consequence of radiative effects. These mixings can drastically change the couplings between the neutral Higgs bosons and quarks and between the neutral Higgs bosons and gauge bosons, as well as the self-couplings of the Higgs fields. One consequence of this is that the experimental lower bound on the lightest neutral Higgs mass is relaxed to 60 GeV, while the predicted upper limit for the lightest Higgs boson mass remains about 130 GeV.
If the new physics scale is much higher than the EW scale, one would have at the EW scale a great number of higher-dimensional operators O i (dim(O i ) > 4) induced by the beyond-the-SM physics [15, 16, 17, 18] . The resulting effective Lagrangian is the general form
Here L 0 is the SM Lagrangian, C i are Wilson coefficients, and µ NP the energy scale of new physics. The Wilson coefficients are in general dependent on the new energy scale, but in addition to this all the higher-dimensional operators in L ef f have a common suppression factor 1/µ 2 N P . In this paper we shall study anomalous couplings (to use the terminology of [19, 20] ), i.e. the couplings not present in the SM Lagrangian L 0 , between the lightest neutral Higgs scalar (h) and the top quark induced by the new physics of MSSM. We assume that the other Higgs bosons, as well as all supersymmetric particles, are much heavier than the lightest neutral Higgs particle, so that the corresponding fields can be integrated out. A well known fact is that the masses of other two neutral Higgs bosons are approximately equal to that of the charged Higgs boson (H + ) under the condition m H + ≫ m h , and hence one can consider the lighter Higgs doublet as the SM Higgs field and integrate out the heavier Higgs doublet.
Our presentation is organized as follows. In Section II, the notations adopted in this work are introduced. In Section III we shall describe the method of obtaining the Wilson coefficients by integrating out the heavy degrees of freedom in the full theory. The numerical analysis of the constraints on the parameter space from the present experiments, especially by the R b data, is given in Section IV. Section V summarizes our results. Some lengthy formulae, such as the expressions for the Wilson coefficients and the loop integral functions, are collected in Appendices.
Preliminaries
The most general gauge invariant superpotential, which retains all the conservation laws of the SM, is given by 
Similarly, for the SU (3) × SU (2) × U (1) gauginos λ a G , λ i A , λ B can we define the following four-component Majorana spinors:
The diagonalization of the soft mass terms is done with a help of sfermion mixing matrices Z Q,U,D defined as
where the matricesm 2 Q,U,D on the right-handed side are diagonal. Finally, we will benefit in our calculations from the following rearrangement identities of the SU (2) group indices:
3 The Higgs-top anomalous couplings
In this section we shall discuss the anomalous couplings of the top quark and Higgs bosons. Considering the suppression of the new physics energy scale, we just keep operators up to dimension-six in the effective Lagrangian Eq. (1). The top-Higgs anomalous couplings of interest can be classified into three types: the anomalous couplings involving a left-handed quark, the right-handed top quark and Higgs boson (O tqΦ ), the couplings between the Higgs boson and a left-handed quark (O qΦ ), and the couplings between the Higgs boson and the right-handed top quark (O tΦ ). After the EW symmetry breaking, these operators produce not only corrections to the effective couplings W tb, Xtt, Xbb (X = γ, Z, H), but also induce anomalous couplings such as γHtt, ZHtt. All those effects may be detectable at the Next-Linear Collider (NLC) and the Tevatron.
In the following subsections we will give the explicit expressions for the contributions of supersymmetric particles and the heavy Higgs boson doublet to the effective operators mentioned above by deriving the relevant Wilson coefficients. We will give our results in terms of the following loop integral functions,
whose explicit expression can be found in Ref. [21] .
The anomalous couplings O tqΦ
This class of operators includes the CP -even operators
where the covariant derivative D µ is given by
The CP -odd counterparts of these operators are
For the CP -even operator O tqΦ1 and for the corresponding CP -odd operator O tqΦ6 , nonzero contributions to the Wilson coefficients originate from the Feynman diagrams shown in Fig. 1 , and they are given by
where
In the full theory, the Feynman diagrams that induce the anomalous couplings O tqΦ1 , O tqΦ6 should also include diagrams involving virtual SM fields. However, these diagrams have no contribution to the Wilson coefficients after matching the effective Lagrangian Eq. (1) with the Lagrangian of the full theory (MSSM) (see below for more details).
For the CP -even anomalous operators O tqΦi (i = 2, 3, 4, 5) and the CP -odd anomalous operators O tqΦi (i = 7, 8, 9, 10) , the derivation of the Wilson coefficients leads to relatively tedious calculations. In Fig. 2 we give the Feynman diagrams, which induce nontrival contributions to the Wilson coefficients after matching the amplitude of the effective theory with that of the MSSM. In these diagrams, the black blobs represent the self-energy diagrams ofq L q L (Fig. 4) ,t R t R (Fig. 5 ), Φ † Φ (Φ H ) (Fig. 6) .
The matching procedure, to which we refer above, is extensively applied in the derivation of the effective Lagrangian in the hadronic physics, especially in the application of the effective Lagrangian to the rare B decay [22] . The main idea of this procedure is the following. We derive the amplitude corresponding to the relevant Feynman diagrams both in the full theory and in the effective theory. In both derivations we only keep the momenta p i of external particles to the second order. Through a comparison of the amplitudes of the full theory and the effective theory we then obtain the Wilson coefficients of interest.
For demonstration, let us consider the diagram of Fig. 2 . In the full theory we can write the amplitude corresponding to this diagram as
Here ∆ = 1 ǫ − γ E + ln 4π denotes the ultraviolet divergence (D = 4 − 2ǫ is the time-space dimension in the dimensional regularization scheme), µ NP is the scale of new physics, and p and q denote the four-momenta of the external particles t R and Φ, respectively. In the full theory the light fields and the heavy fields co-exist in the Lagrangian. When the heavy degrees of freedom are integrated out and the light fields are treated as massless, infrared divergences are encountered. They are regulated by the parameter m q .
The amplitude of the corresponding Feynman diagram in the effective theory, presented in Fig. 3 , is given by
In the operators of the effective theory, only the light fields exist, and the Wilson coefficients do not depend on their masses. As in the full theory, an infrared divergence emerges also here, and it is regularized by the parameter m q . Fortunately, the infrared divergence appearing in the effective theory is the same as that appearing in the full-theory. By matching the amplitudes Eq. (16) and Eq. (15), one gets rid of the infrared divergence. After this matching step, we can present the amplitude in its final form:
The first term in the parenthesis of Eq. (17) contributes to the renormalization of the Yukawa couplings h U , and it is irrelevant to our present discussion, taking into account the approximation level we work on. For those diagrams where the inner lines are supersymmetry particles, the Wilson coefficients of the anomalous couplings can be directly read from the amplitudes, because we integrate out all the supersymmetry fields in the effective theory.
Now, we will turn to show how to obtain the contributions of the self-energy diagrams to the anomalous couplings. As mentioned above, there are three self-energy diagrams that contribute to the coefficients indirectly, namely the self-energy corrections to theq L q L ,t R t R , and Higgs doublet currents. For the fermion, the renormalized fields are defined by
where i, j are generation indices, f 0
are the left-and right-handed bare fields, respectively, f L,i , f R,i are corresponding renormalized fields, and Z L,R are the wave function renormalization constants. Ignoring the fermion masses, we can write down the counter terms for the fermions in Eq. (18) as follows:
where p denotes the external momentum of the fermion. In the full theory, we express the bare self-energy of the fermions as
where the first terms δ ij represent the Born approximation part and A L,R , B L,R originate from raditive corrections. From Eq. (19) and Eq. (20) one finds the following form for the renormalized self-energies:
The explicit expressions of the renormalization constant δZ L,R depend upon the renormalization scheme, i.e., the renormalization conditions. Instead the often-used renormalization schemes, i.e. the minimal substract scheme (M S) or the modified minimal subtraction scheme (M S), we adopt here the physical renormalization conditionsΣ
The first two conditions mean that the renormalized fields satisfy the equations of motion of free particles (for massless fermions this is a trivial constraint), and the last two conditions set the residue of the propagators at the pole equal to unity. In fact, this scheme is just the on-shell renormalization scheme often used when calculating radiative corrections to electroweak processes [23] . Of course, for high energy processes we can ignore the fermion mass in our approximation. Using the condition Eq. (22), we achieve the renormalized fermion self-energies:
For the Higgs sector, the bare self-energies are given as
where p denotes the momentum of the external particle. In the Eq. (24), D, E, F are standard integral functions that appear in radiative corrections. For the renormalization of the Higgs boson wave function and mass, we request the renormalized boson self-energy to satisfy the conditionŝ
It is easy to find the renormalized Higgs field self-energies which meet the conditions of Eq. (25):
After these preparations, we can now derive the Wilson coefficients of the operators O tqΦi (i = 2, 3, 4, 5) and O tqΦi (i = 7, 8, 9, 10) . For clarity, we present their lengthy expressions in Appendix A.
The anomalous couplings O tΦ
This class of anomalous couplings includes the effective operators
where the operators O tΦ1 , O tΦ2 have even CP -parity and O tΦ3 has odd CP -parity. In Fig. 7 , we present those Feynman diagrams, which induce nontrivial contributions to the Wilson coefficients when matching the amplitude obtained in the effective theory with that in the full theory (MSSM). The ensuing Wilson coefficients are collected in Appendix B.
In the full theory, we also include the 1PI diagrams depicted in Fig. 8 , where the gray blobs represent the corresponding diagrams presented in Fig. 2 . However, the contributions from these diagrams disappear as a result of the matching of the effective theory and full theory amplitudes. In order to demonstrate this, let us consider an example. From the subsection 3.1, we find that the contributions of the subdiagram (framed by the dashed lines) in Fig. 9 (a) induce the following term to the effective Lagrangian:
and , 2, 3) . The definition of the coupling constants Λ U,I and functions Q i (x, y, z) can be found in Appendix D.
In the effective theory, the amplitude of Fig. 9 (b) is written as
where p 1 , q 1 , q 2 denote the four-momenta of the initial right-handed top quark and the Higgs bosons, respectively. In the full theory, the corresponding amplitude obtains the form
where φ µ and φ i (i=1,2,3) denote the CP -phases of the parameter µ and m ′ i , respectively. As already mentioned before, the first term of Eq. (31) is related to the Yukawa coupling renormalization in the full theory and it does not affect our computation. While matching Eq. (31) with Eq. (30), we find that the diagram does not contribute to the Wilson coefficients of the operators O tΦ . A similar conclusion is true also for the other 1PI diagrams in Fig. 8 .
The anomalous couplings O qΦ
where the last two operators are CP -odd and the others are CP -even. The Feynman diagrams, which induce nontrivial contributions to the Wilson coefficients, are presented in Fig. 10 . We collect the expressions for the Wilson coefficients of the corresponding operators in Appendix C.
Experimental bounds on the Wilson coefficients
At present, the most rigorous constraint on the Wilson coefficients considered in this work comes from the decay Z → bb. For an on-shell Z, one can write the general effective vertex Zbb as [19] 
where s W ≡ sin θ W , c W ≡ cos θ W , and p b , pb are the momenta of the outgoing quark and antiquark, respectively. For the operators listed in Eq. (12), Eq. (13), Eq. (27) and Eq. (32), S Z b = 0. The vector and axial-vector couplings can be written as
where V Z b , A Z b represent the SM couplings and δV Z b , δA Z b are the new physics contributions. Ignoring the bottom quark mass, the lowest order theoretical prediction on the observable R b at the Z pole is given as
Using Born approximation, we can obtain the modifications to the couplings V Z b , A Z b implied by the new physics operators O qΦ1 and O qΦ2 . Provided that there is no any accidental cancellation between these contributions, the corrections are given by
where υ denotes the VEV of the SM Higgs field doublet and m W is the W -boson mass. From Eq. (35), we have
The SM prediction for R b and the most recent experimental value are, respectively, given by [24, 20] :
If we attribute the difference of these two values to the new physics effects, we get a bound on the corresponding Wilson coefficients. At the 1σ (3σ) tolerance we obtain:
With the same method, we can also analyze the forward-backward asymmetry, A b F B , of the decay Z → bb. However, our theoretical result indicates that the present experiment data on this quantity set a weaker bound on the Wilson coefficients than that that follows from R b .
The other Wilson coefficients of the operators appearing in the Lagrangian are not constrained by R b on the Born approximation level. With higher-order approximations, those operators contribute to the gauge boson self-energies, and thus we can get on them only a rather loose bound with a significant uncertainty. We can also have loose bounds from the argument of partial wave unitarity [25] :
At present, there are no strong experimental constraints on the CP -odd couplings involving the top quark. It is well known that the MSSM contains in its general form unfortunately many 'new' free parameters in addition to the SM parameters. In order to simplify our discussion, we take the following assumption to restrict the MSSM parameter space:
• All possible CP phases are taken to be zero or π. A direct consequence of this choice is that there are no CP -odd operators in the effective Lagrangian Eq. (1) • All Yukawa couplings and the soft breaking parameters are flavor conserving, i.e., the mixing matrices
Under these assumptions,the parameters relevant to our discussion are the gauge coupling constants g 1 , g 2 , g 3 , the higgsino and gaugino masses µ, m 1 , m 2 , m 3 , the Yukawa couplings of the third generation quarks and the corresponding soft breaking parameters h t = h 33 (I = 3). In our numerical analysis, we will disregard the loose bounds from A b F B on the Wilson coefficients C tqΦ1 , C tΦ1 , C tqΦ2 due to the large experimental uncertainties mentioned above.
Without loss of generality, we also assume m Q = m U = m D , A t = A b , m 1 = m 2 = m 3 in our numerical computations. Setting µ NP = 1000 GeV, m H = 500 GeV, m 1 = m 2 = m 3 = 500 GeV, A t = A b = 100 GeV and tan β = 2, we derive the constraints set by the condition 5 × 10 −5 ≤ υ 2 C qΦ1 /µ 2 NP ≤ 3.9 × 10 −3 on the soft breaking parameters. These are shown in the following plots. Provided that m Q = m U = m D we plot in Fig. 11(a) the values of m Q = m U = m D versus the µ parameter, where the gray regions are allowed by the condition for υ 2 C qΦ1 /µ 2 NP given in Eq. (39). From this figure we can determine some restrictions on the MSSM parameter space. Fig. 11(b) is similar to Fig. 11(a) except that there tan β = 40. The differences between the two plots are quite insignificant; the top-quark Yukawa coupling does not change much as the parameter tan β changes from 2 to 40. With the same specification on the parameter space, we plot in Fig. 12 m Q = m U = m D as a function of µ in order to see how the condition 5×10 −5 ≤ υ 2 C qΦ2 /µ 2 NP ≤ 3.9×10 −3 constrains the soft breaking parameters. From this plot we observe this condition to set more rigorous restrictions on the MSSM parameter space (the gray regions are permitted by the condition) than does the the experimental bound for υ 2 C qΦ1 /µ 2 NP . In these plots we have used the 1σ errors for the experimental results. The constraints are considerably relaxed when larger experimental tolerances are used. In Fig. 13 we plot m Q = m U = m D versus µ by using the 3σ result −3.8 × 10 −5 ≤ υ 2 C qΦ2 /µ 2 NP ≤ 8.4 × 10 −3 . One can see that by allowing 3σ tolerance for the R b experimental data, the allowed parameter region is enlarged drastically in comparison with the case of 1σ tolerance.
It should be stressed that the above numerical analysis are performed under special assumptions about the MSSM parameter space. For example, we assume that all the parameters are real and flavor-conserving, the universal soft parameters are:
In a practical phenomenology analysis, those a priori conditions can be dismissed. Nevertheless, it is quite obvious that the experimental data on R b set significant bounds on the parameter space also in a more general case than the one we have considered here.
Summary
We have considered in this work the anomalous couplings between the top quarks and the Higgs boson generated in the MSSM when the heavy Higgs doublet and all supersymmetry fields are integrated out. An essential assumption made is that there is only one neutral Higgs boson with the electroweak mass, the other Higgs particles being much heavier. We have derived the Wilson coefficients of the relevant higher dimensional operators in the ensuing effective theory. We have also studied numerically the constraints set by the experimental results for R b = Γ(Z → bb)/Γ(Z → hadrons) on the parameters of the MSSM.
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A The Wilson coefficients for the operators O tqΦi (i = 2, · · · , 5, 7, · · · , 10)
with
In the above expression, the sum with the generation indices I, J is implied.
B The Wilson coefficients for operators
The correspondingly Wilson coefficients are written as
Just as in the appendix A, the sum with the generation indices I, J, K is implied.
C The Wilson coefficients for operators
The Wilson coefficients for those operators are written as
D The coupling constants and loop functions
The loop functions are defined as
(x, y) ,
(x, y) , = 
